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Abstract 
The pavement's structural distresses are linked to resilient and permanent deformations, which are 
accumulated during the pavement lifetime. The material choice for base and sub-base is important to 
have a good performance of the pavement. Crushed granular material particle size selection is 
important to decrease permanent deformation, but it is not common to practice. In order to this 
information, the present study aims show that the distribution of unbound granular material particle 
size can affect the structure of the pavement. For this purpose, two similar types of granite-gneiss 
crushed stone were studied in two distinct granulometric curves in specimens 10x20 cm by repeated 
triaxial loading permanent deformation tests using nine pairs of different stresses at a frequency of 1 
and 2 Hz for load cycles greater than 150.000 to predict the shakedown and the Guimarães model 
parameters. The different granulometric curves are similar for both materials and based on Fuller 
method and the Bailey method. The article shows new parameters of Guimarães model and the 
necessity of attention to granulometric distribution analysis of the stone skeleton for granular base and 
sub-base layers. 
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1 Introduction 
Roads and highways are essential to society and economy, not only local but also globally. The 
evolution of vehicles has led to faster and heavier vehicles, and economic growth resulted in a higher 
amount of circulating vehicles, i. e. traffic growth, which means that there is, more than ever, a great 
need to study the performance of pavements. 
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According to Lima and Motta (2015a), pavement performance and efficiency depends on the 
correct planning, design and construction, and after that, it is dependent on the maintenance practices 
since its opening to traffic. Structural damage is related to cargo capacity and occurs mainly by 
repeated applications of high loads of vehicle wheels, it’s also related to the quality of pavement 
materials, the effect of climate (temperature and humidity), among other factors. 
The pavement’s structural defects are linked to resilient and permanent deformations, which are 
accumulated during the pavement lifetime. As stated by Guimarães (2009), it is important to look for 
granular and fine soil that present the stabilization of permanent deformation after a certain number of 
load cycles, studying the shakedown. 
Currently there is a diversity of models to analyze permanent deformations in soils and granular 
materials, but not as many for base and sub-base layers with unbound granular material. The 
shakedown theory is not yet widespread. In Brazil, there are few studies about permanent deformation 
and the shakedown simultaneously, mainly of granular material as graded stone, even though granular 
materials are widely used in base and sub-base of flexible pavements to support the asphalt layer and 
distribute the wheel loads to the subgrade. Thus, the study of permanent deformation of unbound 
granular material for use in base and sub-base is essential. 
The packing of aggregates has attracted the attention of researchers from different fields of study to 
find gradations with good mechanical performance and durability. There has been done extensive 
research on packing of aggregates applied to design of concrete, ceramics and asphalt mixtures. To 
choose material for base and sub-base is important to do the particle size selection to achieve the 
purpose. 
According to Shen and Yu (2011), there is a general acceptance that the improvement of the degree 
of packing of particle aggregate systems can greatly enhance the performance of paving materials and 
improve their fundamental engineering properties. 
Several authors show the performance of pavements is related to the quality of the aggregates and 
their particle size distribution, affecting important properties of the layer, which shows the importance 
of selecting the appropriate material for a required function, not only its quality has to be identified by 
conventional tests, but also by analysis of the packing of aggregates. Lima and Motta (2015b) say that 
the existence of methods for selecting the skeleton of granular layers is needed in the design stage to 
consider the conditions necessary for the layers to withstand excessive plastic deformations. Thus, a 
search for a reliable method for selecting the stone skeleton of crushed material for base and sub-base 
is fundamental for pavement performance.  
The main focus of this research is to study the influence of different particle size compositions in 
the results of repeated load triaxial tests, and analysis of the shakedown of the material, alongside the 
analysis of parameters of the distribution, using two granular materials. The development of this kind 
of analysis is important for pavement behavior, because, in general, current researches focus only on 
the contributions of the asphalt layer.  
2 Background 
2.1 Permanent Deformation 
Permanent deformation is the portion of the total corresponding to non-recoverable deformation 
shifts accumulated over the life of the pavement. The representation of this type of distress is the 
variation of the pavement layer thickness that commonly occurs in the lane of traffic which it receives 
the highest concentration request wheel.  
For Werkmeister et al. (2004), analysis of the behavior of permanent deformation of the base and 
sub-base are a prerequisite for successful pavement performance. 
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According Lekarp et al. (2000), the various factors that influence the behavior of granular 
materials to permanent deformation are: the state of stress; the number of load applications; the 
moisture of the material; the history of stress; the aggregate type and its granulometry. 
Most known models used in laboratories are obtained by repeated load triaxial equipment. The 
models of Monismith, Barksdale, Uzan, Tseng & Lytton, Lekarp & Dawson, Guimarães, etc., are 
examples of different permanent deformation prediction models. In Brazil there is still no national 
standard for this type of test, only technical specification. To Korkiala-Tanttu (2009) the latest models 
for prediction of permanent deformation have been mainly based on the shakedown concept, since the 
deformation of granular materials is highly stress dependent. 
The Table 1 below shows the procedure used in Brazil. 
 
 
Table 1: Procedure summary table of the determination of permanent deformation in Brazil 
 
2.2 Shakedown 
The behavior description of many structures under cyclic loading is known as shakedown. The 
Shakedown concept for pavements was used the first time in 1984 by Sharp and Booker. In Brazil, the 
shakedown theory was introduced by Medina and Motta in the 90s. 
The Shakedown Theory, according to Cerni et al. (2012), suggests the existence of a critical stress, 
as predicted by these authors, which separates the stable level of an unstable condition. Encompasses 
the concept that the permanent deformation growth stabilizes gradually with the number of load cycles 
only when the applied stress is low and the high levels of tension makes the permanent deformation 
likely to increase rapidly resulting in a progressive failure.  
Furthermore, there is critical stress in the shakedown theory that separates the stable level of an 
unstable condition. Werkmeister et al. (2004) call the level of critical stress of Shakedown Limit. 
According to Lima and Motta (2015b), the study of the shakedown of the material aims to find the 
state of the representative average stresses which that material may be subjected to ensure the 
stabilization of permanent deformation. 
Repeated load triaxial;
Brazilian Method
Dynamic compaction;
Particles over 25 mm sieve (sample 10x20);
Two dimensions of sample (10 cm x 20 cm e 15 cm x 30 cm).
Sample preparation
Apparatus
Static confining stress;
Repeated deviator stress;
Meassure by 1 position of LVDT;
Repeated load of 1 s (0,1 s loading e 0,9 s unloading).
Nine different stress stages;
Each stress stage corresponds at least 150,000 repetitions;
Different sample for each stress stage;
PERMANENT DEFORMATION
Record at least 150,000 reading sets of applied stresses, but no consider 
the first reading.
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3 Research Information 
3.1. Materials 
 
Two materials were studied in two distinct granulometric distribution curves (Table 2) to prove the 
influence of particle size distribution. Both are granite-gneiss. They were also analyzed by AIMS II 
(Aggregate Measurement Imaging System 2), which showed that they had the same classification of 
form, angularity and sphericity. The materials were characterized by specific gravity, angularity, 
absorption, sand equivalent, particle size by sieving, Los Angeles abrasion, Slake Test and Treton. 
Two different granular materials found in the literature that used the Guimarães model were compared 
on this research, all crushed stone and taken from different Brazilian regions. 
The particle size distributions used here were based on the Fuller Curve that offers optimal 
continuous graduation by maximum density, and based on Bailey Method that aims to choose a 
suitable structure of dense and discontinuous asphalt mixtures aggregates, but in this study it was 
adapted for base layer and selected a distribution with more fine particles. 
Significant comparisons of all materials are show in Table 2: the tested material in this study, the 
Lima and Motta (2015a), the Malysz (2009), and Guimarães (2009).  
 
 
Table 2: Size distribution and characterization results 
Guimarães (2009) Malysz (2009)
C1 C2 C3 C4
2" 50,80 100,0 100,0 100,0 100,0 100,0 100,0
1" 1/2 38,10 100,0 100,0 100,0 100,0 100,0 (*)
1" 25,40 100,0 100,0 100,0 100,0 100,0 90,0
3/4" 19,10 (*) (*) (*) (*) 100,0 75,0
1/2" 12,70 (*) (*) (*) (*) 92,0 (*)
3/8" 9,52 64,0 92,0 64,0 92,0 89,6 (*)
# 4 4,76 47,0 85,0 47,0 85,0 65,2 39,0
# 10 2,00 32,0 75,0 32,0 75,0 33,2 (*)
# 20 0,84 (*) (*) (*) (*) (*) (*)
# 30 0,60 (*) (*) (*) (*) (*) 14,0
# 40 0,42 15,0 37,0 15,0 37,0 12,7 (*)
# 80 0,18 (*) (*) (*) (*) 8,9 (*)
# 200 0,08 7,0 11,0 7,0 11,0 6,2 7,0
47,06 15,43 47,06 15,43 19,14 56,00
2,4 1,0 2,4 1,0 2,0 1,9
4,9 7,0 5,0 7,5 4,7 * 4,3
2,288 2,111 2,223 2,03 2,31 * 2,49
- -
- -
- -
- -
- -
- -
Material 4
2,64
2,60
0,5
71
43
-
Material 3
γcoarse (g/cm³)
γfine (g/cm³)
Absorption (%)
2,62
2,70
OMC (%)
γdmax (g/cm³)
Sand Equivalent (%)
LA (%)
Slake Durability Test
0,8
68
41
99
Lima and Motta (2015a)
CNU
Cc
This study
Description
Si
ze
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is
tr
ib
ut
io
ns
%
 p
as
si
ng
Reference
Material 2Material 1
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3.2 Laboratory Testing 
The permanent deformation was verified by the repeated load triaxial test according to the 
procedure in Table 1.  
The laboratory samples preparation was carried out by using cylinder mold of 100mm x 200mm 
and tested on optimum moisture content by a modified compactive effort. 
Nine different stress stages were used at frequencies of 1 Hz (material 1) and 2 Hz (material 2). 
The stresses used are on the Table 3. Analyzing the results, it is possible to predict the stabilization of 
permanent deformation using Guimarães model (2009). 
 
 
Table 3: Stress stages for the tests of the Material 2 
3.3 Background for Analysis 
The proposition plotting of Dawson and Wellner (1999) was chosen for the interpretation of the 
results obtained to identify the three levels of behavior proposed by Werkmeister (2003): Level A, 
named as Plastic Shakedown Range, it is the response that becomes completely resilient after the post-
compaction period; Level B , known as Plastic Creep, corresponding to an intermediate response 
between the A and C levels in which permanent deformation tend to become constant; Level C, the 
area known as Incremental Collapse, because the occurrence of successive increments of permanent 
deformation at each cycle can reach strain levels that are unsuitable for use in pavement. The Level 
AB was found for Brazilian fine soils by Guimarães (2009) and presents significant initial plastic 
deformation followed accommodation. They are shown in Figure 1. 
 
 
 
Figure 1: Levels of permanent deformation response (Adapted from Guimarães, 2009) 
The Equation 1 is the Guimarães model for permanent deformation prediction for repeated load 
triaxial with multiple stress levels, one stress state for each specimen. 
σd σ3
1 50
2 100
3 150
4 80
5 160
6 240
7 120
8 240
9 360
80
120
Sample
Stress (kPa)
50
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ɂ୮ሺΨሻ is the specific permanent deformation,  
ɗଵǡɗଶǡɗଷ are the regression parameters (permanent deformation parameters),  
ɐଷ is the confining stress,  
ɐୢ is the deviator stress,  
ɏ଴ is the reference pressure (atmospheric pressure), and 
N is the number of cycles of load application. 
 
 
4 Results and Discussion 
The experimental results of the permanent deformation tests of the second material are on Figure 2 
and the graphs of the Figure 3 display the shakedown behavior.  
 
 
Figure 2: Result of total permanent deformation (permanent axial strain versus number of cycles) for Material 2 
 
Figure 3: Cumulative permanent strain rate versus cumulative permanent strain for Shakedown Level 
Classification 
The material of both curves has behavior of Level A and B as can be seen in Figure 3. 
The Guimarães model parameters of all four materials on Table 2 are demonstrated in Table 4. In 
sum, the Table 4 gives information based on Guimarães model that demonstrates that the material 
studied by Malysz (2009) has the best size distribution and is a good material because the permanent 
C3- Fuller C4 - Bailey 
C3 - Fuller C4 - Bailey 
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deformations resulting from model values would be minimal, and the Bailey method applied to the 
material 2 led to large permanent deformations. In addition, the amount of strains demonstrated on 
Figure 2 for the material 2 shows that the Fuller curve had better results for permanent deformation 
and greater tendency to shakedown. Furthermore, the material 3 also had lower strains, sometimes 
permanent deformation very similar to the Fuller curve results. 
 
 
Table 4: Analysis of Guimarães model parameters and curvatures parameters 
Observing the parameters of the Guimarães model, the permanent deformation of the materials 1, 2 
and 3 is influenced by positive regression parameters ɗଵǡɗଷ and ɗସ, but the parameter related to the 
confining stress ɗଶ is negative, which means that an increase in confining pressure will result in a 
decrease in permanent deformation, so, it’s stress dependent. The parameters related to deviator stress 
ɗଷ were the highest values for all studied curves of materials 1 and 2 and for the materials 3 and 4. As 
well, the number of load cycle exercise similar influence on all curves, but it has low influence 
compared to the stresses. 
The parameters values for the crushed stones of this study followed the same pattern in relation to 
the influence of stresses applied and the number of load cycles applications in comparison with the 
results of Guimarães (2009) and Lima and Motta (2015a). However, the parameters found by Malysz 
(2009) for graded crushed basalt tested in specimens 10x20cm showed significantly smaller values ɗଵ, 
and high ɗଶ, ɗଷ and ɗସ compared with the others materials shown on Table 4. The reason for these 
differences is that Malysz (2009) followed different procedure to perform the triaxial test permanent 
deformation from Guimarães (2009) and the used for materials 1 and 2 in this dissertation. His tests 
were multistage for the same specimen sample. 
Moreover, the curve designed by Bailey method on the second material presented lower permanent 
deformations. It must be due to a better graduation of the material, but it depends of the applied 
stresses and the number of cycles too. 
Also, if analyzed the curvature parameters and Guimarães model parameters of the materials 1, 2 
and 3, a tendency can be found: the higher the curvature coefficient and higher the non-uniformity 
coefficient, lower will be the permanent deformation. Additionally, it is clear that all materials are well 
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graded and are not an uniform soil due to their distributions are within the ranges for non-uniform 
(CNU > 15) and well graded (1 < CC <3). 
5 Conclusions 
The Guimarães model (2009) was suitable for predicting permanent deformation of the graded 
crushed granite stones studied in this research. The parameters that most influence the occurrence of 
permanent deformations are related to confining stress (ɗଶ) and deviator stress (ɗଷ). The deviator 
stress parameters ɗଷ were the highest values for all graded crushed stone studied.  
Overall, it is clear the importance of having reliable parameters to identify the tendency of 
permanent deformation, because as shown for the materials 1 and 2 they had different results although 
both were tested under similar conditions with the same particle size distributions. The variation of the 
particle size distribution for the same crushed material directly influences the resulting permanent 
deformations.  
Finally, the relation between the values of curves parameters and the trend of increase permanent 
strains can be summarized: larger permanent deformations occur when the curvature parameters are 
low, indicating greater uniformity and poor graduation. 
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